Introduction
As astrometry improves towards the micro arc second level, and as clocks near a long term stability level of parts in 10 per year (Tanaka et al 2003 , Oskay et al 2006 18 1 , smaller and subtler perturbations will be detectable with conventional and radar astrometry in the solar system. Most studies to date incorporate many perturbations to planetary motion, and allow for the inclusion of more such terms as measurements are refined. The secular effect of the Sun's loss of mass was traditionally omitted (Guinot 1989 , Newhall et al 1983 , Standish 1995 or given only brief mention (Brumberg 1991) , but has recently been studied (Krasinsky and Brumberg 2004 , Pitjeva 2005a ). Krasinsky and Brumberg (2004) (hereinafter KB), conducted both theoretical and observation-based analyses but omitted the dominant contributor to mass loss, namely radiation, including only a somewhat overestimated loss to the solar wind. By contrast, Pitjeva's work is based purely observational data and analysis thereof, so it is insensitive to mass loss mechanism. Simulations of planetary motion that range from high accuracy ephemerides spanning 44 to 60 centuries (Newhall et al 1989 , Standish et al 2005 to even longer term computations investigating chaos (Laskar 1994 , Wisdom and Holman 1991 , Ito and Tanikawa 2002 , Hayes 2007 , are already sensitive at the level where solar mass loss should be considered. Duncan and Lissauer (1998) have analyzed stability in the post-main-sequence regime, and find gross effects 1 Pulsar timing data can be used to supplement, or possibly some day to supplant, the use of atomic clocks (Hobbs et al 2006) 
Contributors to solar mass loss and their estimated values
The Sun has luminosity at least , or (Bahcall 1989) , including electromagnetic ("EM") radiation and a ~2.3% contribution ("ν") from neutrinos. Solar luminosity has varied less than 0.1% in the last 2 to 3 centuries (Sofia and Li, 2000) . Most of the variation would presumably be due to changes in surface activity, and would not be secular. The particle mass loss rate (solar wind) is about 1.374 (Hundhausen 1997 ). There could also be a loss by radiation of axions (Raffelt 1999 , Sikivie 2005 amounting to as much as 10% or more of the electromagnetic luminosity. An approximate but compelling upper limit for axion losses of helioseismology (Schlattl et al, 1999) . Large values might also impose unacceptable changes on the established agreement of main sequence stellar
Orbital analysis
Let denote the specific angular momentum of the planet, , a constant of the motion, and Note, further, that
where e is the orbital eccentricity.
where e is the orbital eccentricity, and from Equation (3-43) of Goldstein (1950) r e
Here θ is the "true anomaly" or angle round the orbit measured from perihelion,
The secular rates of change of E, a, e, ω, and the period P are all of interest for solar system dynamics. The secular rates of change in a and e were derived by Jeans (1929) , who obtained where the zero subscripts indicate the values at a reference time, say J2000. (Also see Weinberg, 1972) . The same result was obtained by Kevorkian and Cole (1996) (hereinafter KC) using more rigorous methods. We accept their analysis as definitive. KC also found that to first order in / µ µ the rate of change of the argument of perihelion ϖ is zero. To higher orders, KC found additional periodic terms in ϖ , but no secular terms. Other authors have found varying results, using other approximation methods. Deprit (1983) agrees with KC, but Hadjidemetriou (1966) found secular terms in e and in ϖ for various assumptions (such as power laws) for slow time dependence of mass loss rate. KC showed in other examples (e.g. their § 1.3.1), however, that overly simple expansion methods can lead to spurious secular terms. Adopting the KC analysis, we find that the semi-major axis increases in inverse proportion to the mass, while the eccentricity and argument of perihelion are constant. Equations (4.2) and (4.5), and the constancy of the specific angular momentum , also demonstrate, more simply, that the eccentricity e is constant (Jeans, 1929) . Differentiating Equation
The variation of the planetary period is found from Kepler's third law, which reads ω µa
where m is the ratio of the sum of the planet's and its satellites' masses to , and SI ω is the angular orbital speed (we suppress the question of time units; see Guinot 1989 , Klioner 2008 
The fate of the Astronomical Unit
These physical results require re-examining the definition of the Astronomical Unit (AU). The definition is based on the value of k GS , the solar Gaussian gravity constant. The International Astronomical Union (IAU) has designated k GS as a defining constant (McCarthy 1996 , Standish 1994 , Kaplan 2005 , fixed at
where the day is 86,400 seconds of TDB (barycentric dynamical time) (WS89; Standish, 1998) . The AU is then defined as "the radius of a circular orbit, in which a body of negligible mass, and free of perturbations, would revolve around the Sun in 2 π /k GS days" (Blumberg and Boksenberg 1996) . Its occurrence in Equation (4) of Williams and Standish (1989) (hereinafter WS89):
where is the semi-major axis of the Earth's orbit in meters, m its mass (with the Moon's) in solar units, and A referee has suggested a different approach. If the number "1" in Equation (5.2) is replaced by the ratio , with the solar reference mass (solar mass unit) fixed by some reference epoch, say J2000, this ratio will vary in such a way as to allow both k GS and AU met to be constant. The revised
The ratio can be estimated through Equation ( The new definition would have to be: "The Astronomical Unit is defined as the radius of a circular orbit, in which a body of negligible mass, and free of perturbations, would revolve around a body whose mass is one solar mass unit in
The Gaussian solar mass unit would have to be tied to some epoch (Newhall et al 1983) . One can regard Equation (5.2) as a variant of Equation (5.4)with allowed, in fact, to vary, so that the solar mass unit is always the mass of the Sun. Using Equation (5.2), however, does not necessarily force the solar mass unit to be the current mass of the Sun. That interpretation it is quite workable, but all the present discussion except that which uses could be conducted without reference to a solar mass unit. The use of Equation ( fixed to an epoch, the only change will be that we determine the AU by determining the SI value of . Klioner (2008) has suggested that the community might well just fix the AU in SI meters, based on some epoch, in which case it is just a unit of convenience, such as the kilometer or the mile. He suggests that the effects of solar mass loss and that of a changing constant of gravity are the same, though the former does not appreciably affect the lunar orbit, while the latter does. 
for the range of axion loss from zero to 20% of the electromagnetic radiative losses.
In the 44 centuries spanned by the DE200 ephemeris (Newhall et al 1983) , the increase in amounts to 60 -69 m, which is larger than their stated present error in the AU, 149,597,870,680 30 a ⊕ m ± (Newhall et al, 1983) . Within the timespan of accurate radar astrometry, ~ 46 y, the change is, however, immeasurably small. Even in the life of the Solar System, the total mass loss fraction is normally considered to be about 3.5 x 10 -4 , implying a negligible effect on climate, etc. See, however, Minton and Malhotra (2007) for a different view.
Other recently determined values of AU met are (Pitjeva 1997) and 149,597,870,696 .0 m ± 0.1 m (Pitjeva 2005) . The DE403 ephemeris (Standish et al 1995 , IAU 2003 uses the primary constant 149,597,870,691 m ± 6 m for the period 1410 BC to 3000 AD. These claimed accuracies are out of line with the variation of a in the timespans of the ephemerides. The DE406 ephemeris extends (Standish 2005a) from 3000 BC to 3000 AD with a stated interpolation accuracy of 25 m for all planets. The variation in the Earth's semi-major axis from 3000 BC to present, due to 149,597,870,687.7 1.5 m (formal error) ± ⊕ µ , however, is about 68 -78 m. With such small quoted errors in the AU and the ephemerides, it is worthwhile to account for µ , and to revise the definitions so as to stabilize the AU. The only obvious way to include the effect of changing M S in post-Newtonian ephemeris modeling (Brumberg 1991 , Newhall et al 1983 is to retain the traditional form for the equations, simply including the time dependence in the central force. We apply this to planets Mercury through Uranus and the main belt asteroid (listed here as a "planet") Vesta, for the cases axratio = 0.0 and axratio = 0.1 The distances along orbit at radius a are shown in Table 1 . We refer to the lag "in a century" rather than "per century" because the time dependence is quadratic, not linear. If, instead, we evaluate at aphelion, the changes are larger, mainly for Mercury and Mars ( Table 2 ).
The induced displacements along the orbit, for the four inner planets, from 3000 BC, the start epoch of DE406, to 2008 are 3450 km, 2500 km, 2150 km, and 1740 km, respectively (for no axions, i.e. axratio = 0). Neglecting µ would put Mercury's position ~5000 y ago in error by more than half its diameter, Vesta's by 2.5 times its diameter. The changes in the tables were computed as if the predicted positions were known rigorously for a theory using constant µ ; in practice, a theory is fitted to the data, with the effect that the time base is effectively halved, 
occultations
The observational time base can in principle be extended by considering ancient conjunctions and occultations. Chinese records from 146 BCE to 1761 CE have been analyzed by Hilton et al (1988) and compared with the DE102 ephemeris.
There was agreement with 300 arc seconds, showing "no serious flaws" with the planetary theories and the rotational deceleration of the Earth. This uncertainty is orders of magnitude greater, however, than what would be desirable for validating the effect of solar mass loss.
Error sources

Could changes in G corrupt our result?
Certain tests for a "changing constant of gravity" are related to the present case. Such changes would affect not only the orbits of all bodies orbiting the sun, but also the Moon's rate of recession from Earth. The most stringent direct bound for the rate of change constant of gravity, in fact, comes from analysis of the lunar orbit by Williams et al (2004) , who obtain a rate G G , 
radar observations of planets and spacecraft. This would violate Eq. (2.2) at the 2 σ level, but according to Pitjeva (2008) the tightest limit that can actually be claimed is
Given the rather weak limit coming directly from these works, we apply some theoretical analysis to interplanetary data on the spacetime metric. Scalartensor gravitational theories, such as Brans-Dicke, (see Will, 1993 for variants) that would tolerate a change in Newtonian G typically give values
where is the Hubble parameter, 0 H BD ω the Brans-Dicke coupling constant (or scalar-tensor; the subscript is intended as generic for scalar-tensor) (Weinberg 1972 , Will 1993 , Faraoni 2004 ) and a and b are positive numerical constants of order unity, the values 1 < a <3 and b = 2 being the most common. We adopt the value 2 as exemplary of both parameters.
The value of the constant BD ω can be obtained from Post-Newtonian fits to the metric in the solar system as measured via the deflection of radio waves by the solar gravity using VLBI (Shapiro et al 2004) or the time delay of radio waves passing near the Sun (Shapiro et al 1971 , Bertotti et al 2003 . The postNewtonian parameter directly related to BD ω is γ, in the expression
, where the g ij are the spatial metric coefficients, δ ij the 3-dimensional Kronecker matrix, and U is the zero-order Newtonian potential (counted positive) (Richter and Matzner 1982) . The value of γ for the BransDicke theory is (Will 1993) 1 2
The most accurate determination of γ appears to be that of Bertotti et al (2003) 1 ( Table 3 . gives a summary of error estimates for the recent JPL ephemerides. For the inner planets, accurate distance measurements yield errors in DE405 growing at only ~2 km cy -1 , while those (Table 1) due to ignoring the change in solar mass are comparable. Thus, over a time period ~ 1 cy, the mass loss effect will dominate. For the outer planets, the data are almost all optical positions, and the errors are ~ 0.1 -1.0 arc seconds, yielding positional errors ~ 500 km (it is not known how these errors would grow with time, because the best data sets are for too short a timespan compared to the orbital periods, so we take the errors as constants.) We expect that the improvement of data with, for example, GAIA observations (Hestroffer and Morando 1995) , will outrace any deterioration in the ephemerides due to inaccurate positions and short time spans. Standish and Fienga (2002) point out that the uncertainties in the masses of asteroids cause steady deterioration of the accuracy of ephemerides. The error in planetary positions grows roughly linearly at about 2.5 km per decade (Bretagnon 2002 , Standish 2002 , though this could be improved as asteroid masses are modeled better. The quoted value is for Mars (as it is near the asteroid belt, and has resonances with massive asteroids) and would be less for the other planets.
The effect of observational error and poorly known asteroid masses
The linear behavior of the error can be regarded as an initial ramp to chaotic behavior with a Lyapunov exponent in the millions of years range (Standish 2006 ). The effect can be separated from the effect of the rate of change in the AU, because the latter grows linearly in the semi-major axis and, tellingly, quadratically in the mean anomaly, while the asteroid mass effect grows linearly in all coordinates, and is greatest for Mars. These errors are largely subsumed in discussion.
Relativistic and cosmological considerations
It is of some merit to pursue these effects in a relativistic analysis, mainly because the calculations for modern solar system ephemerides use postNewtonian (linearized) relativity. Inclusion of the gravity field of the solar radiation would not appear to add much information, since its equivalent mass is small and slowly varying in time. The metric for a radiating body (Lindquist et al, 1965; Noerdlinger, 1976) has been analyzed in some detail, but no one has succeeded thus far in putting it in time-orthogonal form, and hence also not in Post-Newtonian form. Presumably, the results of such a theory would be close to those obtained by using the Post-Newtonian equations as derived for constant masses, but inserting the varying solar mass. The usual development of the PostNewtonian formalism (Will, 1993; Soffel et al 2003) uses source equations based on a slowly moving ideal fluid. The stress-energy tensor of the solar radiation field is too different from such a nearly isotropic tensor for one to attempt such a treatment. KB consider possible effects of the expanding universe on the scale of the solar system. In agreement with previous analyses, Petrosian 1971, Cooperstock et al 1998) , they find negligible effect. The integrals provided by Soffel et al, as approved in the IAU 2000 Resolutions for dealing with interplanetary gas and radiation appear not to have been used in preparing ephemerides, though some of the terms contribute to frame-dragging effects when solid material is the source. The effects of the cosmological constant Λ within the solar system and for binary pulsars have also been estimated by Jetzer and Sereno (2006) , who find limits less stringent than those in cosmology by a factor ~10 10 .
While they find, for acceptable values of Λ, no effect that would change any of our results, they do find secular changes in the argument of perihelion. In summary, post-Newtonian calculations can safely ignore the expansion of the universe and the cosmological constant.
Conclusions
Solar mass loss is causing the orbits of the planets to expand linearly, and their angular motions to fall behind quadratically with time. The size of these disturbances is sufficient that long term ephemerides should take the mass loss into account. The mass loss, coupled with the IAU specified definition of the AU, causes the latter to decrease in its value in meters, opposite to the solar system's expansion. This virtually demands redefinition of the AU or the Gaussian gravity constant. It is urgent to improve our estimates of asteroid masses so that all these effects can be accurately tested. It would be desirable if the data of Bertotti et al (2003) were re-analyzed along the lines suggested by Kopeikin et al (2006) , so as to better separate possible variations in the Newtonian gravity constant from effects of solar mass loss.
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